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UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT 

atm atmosphere pet percent 

cm'jmin cubic centimeter per minute psi pound per square inch 

kO kilohm pSla pound per square inch, absolute 

m meter rpm revolution per minute 

rnA milliampere s second 

mH millihenry V volt 

min minute V de volt, direct current 

mm millimeter jJF microfarad 

ms millisecond 'C degree celsius 



, 
I 

i 

i 

I 

i 
I 

INFLUENCE OF ENVIRONMENTAL FACTORS 
ON SPARK IGNITION PROBABILITY 

By Jeffrey Shawn Peterson 1 

ABSTRACT 

In past years, the U.S. Bureau of Mines has been involved in safety research that could ultimately re­
late the conditions of spark testing and actual use by estimating the simple ignition probability of a 
circuit in question. A major problem in estimating this probability is that results show a significant 
variability, even though gas mixtures and electrical parameters may be closely controlled. 

Some researchers have suggested that the ambient environmental conditions of the testing may influ­
ence the results. A series of tests were conducted using a spark test apparatus to simulate a failing 
electrical circuit. By independently adjusting the temperature, pressure, or relative humidity of the 
combustible gas mixture, multiple test environments were examined. At each ignition, a computer re­
corded the temperature, pressure, and relative humidity of the gas immediately prior to the explosion. 
These data were then used to establish the effect of the test environment on the ignition probability and 
to create a mathematical model of the test environment's synergistic effects. 

The analysis indicated that these effects were not as significant as previously expected. No general 
algorithm was found that could be used to predict these effects across the range of circuits tested. 

lElectrical engineer, Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA. 
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INTRODUCTION 

As a result of the Coal Mine Health and Safety Act of 
1969, reaffirmed by the Federal Mine Safety and Health 
Amendments Act of 1977, the U.S. Bureau of Mines 
(USBM) was directed to initiate research to reduce or 
eliminate hazards potentially harmful to the health and/or 
safety of the workplace for workers involved in mining or 
processing of minerals. 

To create an explosion hazard, three elements must be 
present simultaneously: suspension of an ignitible fuel in 
air, confinement of this mixture, and an ignition source. 
In poorly ventilated areas, methane (CH.) released during 
the mining process may accumulate in explosive concentra­
tions, 5% to 15% CH. in air (1)2 at atmospheric pressure 
and room temperature, and may then be ignited by a mal­
functioning electrical device. The USBM research re­
ported here concerns the testing of elemental circuits to 
determine the effect of the ambient environmental condi­
tions on the probability of igniting such an atmosphere. 

One of several techniques used to prevent explosions in 
hazardous areas is the testing of electrical circuits and de­
vices for intrinsic safety (IS). However, because IS utilizes 
energy-limiting techniques, it is restricted in use to low­
power applications. Other techniques, such as explosion­
proof enclosures, require a physical barrier between the 
electrical circuit and the hazardous environment to contain 
an internal explosion. 

By law, the Mine Safety and Health Administration 
(MSHA) must approve all devices intended for use in 
underground gassy mines inby the last open crosscut 
as described in Title 30, Code of Federal Regulations 
(30 CPR), Part 18.68 (2). Other national IS standards, 
including the American National Standards Institute/ 
Underwriters Laboratories (ANSI/UL) standard 913 (3) 
are used to supplement the requirements of 30 CPR. The 
ignition current-voltage curves available in ANSI/UL 913 
are frequently referenced in the approvals process. De­
vices whose electrical circuits can be readily assessed in 
terms of elementary circuits may be evaluated for IS by 
comparison with the curves. Other devices are ignition 
tested using multiple scenarios under normal conditions. 
Additionally, a series of tests are conducted with 1.5 times 
the normal energy discharge and one worst case circuit 
fault and with normal energy discharge and two worst case 
circuit faults. If ignition does not occur during testing and 
the device meets certain construction requirements, it 
passes the IS test, but is not necessarily approved. 

The USBM previously investigated the effect of voltage, 
current, inductance, and capacitance on the probability of 

2Italic numbers in parentheses refer to references at the end of this 
report. 

iguiting a CR.-air mixture (4). This research used the 
spark test apparatus (STA) (figure 1), a device similar to 
that used for the MSHA approvals tests. The general 
specifications for the USBM ~TA are detailed in In­
ternational Electrotechnical Commission (lEe) Publi­
cation 79-3 (5). 

Test results nsing the STA vary significantly because ig­
nitions occur on a random basis. Thus, to ensure repeat­
able results, large quantities of data are required to es­
tablish the statistical integrity of any data analysis. 
Because test-circnit characteristics and gas mixtures can 
be closely controlled, it has been suggested that the 
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environment in which the testing takes place could have 
a profound effect on the results. Further, devices ap­
proved under a somewhat generic set of environmental 
conditions-room temperature; low, if any relative humidity 
(RH), and roughly one atmosphere of pressure-are often 
used under more diverse conditions. Obviously, the tem­
peratures and RH in which a particular device would be 
expected to function would vary. Also, pressure increases 
roughly 1/2 psi for every 300 m of depth. Thus, conditions 
could vary not only day to day within a given mine, but 
from mine to mine as well. 

Intuitively, the energy of a circuit under test would in­
fluence the probability of igniting the test gas. Magison's 
compilation of past research (6, pp. 48-51) has shown that 
the testing environment affects the energy necessary to in­
duce an ignition. Consider two test volumes of gas: vol­
ume A at a higher temperature than volume B should re­
quire less energy input to raise the ignition kernel to its 
ignition temperature. The reverse would also be true. 
Similarly, the igniting current would vary depending upon 
the temperature of the surrounding gas mixture. Table 1 
of this report shows minimum igniting currents for a 24-V, 
1-m H circuit using three fuel-air mixtures, and tested at 
20 and 200 'C (6, p. 50). A similar relationship exists be­
tween the igniting current and pressure. The number of 
gas molecules per unit volume is roughly proportional to 
pressure. Decreasing pressure decreases the energy-per­
unit volume produced by combustion and slows down the 
heat transfer within a gas. Thus, a compressed volume is 
more easily ignited than a similar volume at a lower pres­
sure. This is illustrated graphically in figure 2 (6, p. 52), 
which shows the variation of minimum igniting current 
with pressure for the same gas mixtures as mentioned ear­
lier. A dry volume of gas would require less energy input 
to reach its ignition temperature than a wetted volume be­
cause water vapor slows heat transfer within a gas, ef­
fectively limiting propagation of combustion. The syn­
ergistic effect of these factors on igniting a CH,-air 

Figure 2 
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Effect of pressure on igniting current. (Reprinted by per­
mission of Instrument Society of America, from Electrical 
Instruments in Hazgr40us Locations, Third Revised Edition. 
Copyright 1978.) 

mixture is not yet understood. This research studies and 
quantifies these effects on a probabilistic basis. 

Table 1.-Effect of temperature on minimum Ignffing current 

Mixture, % 

Ethylene-air. 7.B ... 
Hydrogen-air, 2.2 .. 
Propane-air,5.25 .. 

Minimum Igniting current, rnA 

20 'C 200 'C 

600 
280 
850 

500 
200 
800 

Source: Instrument Society of America. From Electrical Instru­
ments In Hazaroous Locations, Thlro Revised Edftlon. Copyright 
1978; reprinted by permission. 

METHOD OF EXPERIMENT 

GENERAL 

The STA can be used to simulate a failing or shorted 
electrical circuit. It employs two counter-rotating cy­
lindrical shafts that extend into a small explosion chamber 
that is filled with a combustible mixture of gases. The 
shafts are geared so that shaft speeds vary in a rlltio of 
50: 12. Under usual circumstances, the drive shaft would 
be set at 80 rpm. Secured to the top of the drive shaft 
is an electrode holder. Suspended from this holder are 
four tungsten wire electrodes with an unsupported length 
of 11 mm and a diameter of 0.0203 mm (3, p. 39). To 

prevent failing under test conditions, the electrodes are an­
nealed prior to use (5, p. 15). Still, the wire splinters, 
breaks, andlor simply wears short and thus requires re­
placement after 1,000 sparks per electrode or if any two 
fail, whichever occurs first. A cadmium disk electrode is 
secured lItop the second shaft (figure 3) (5, p. 17). Its top 
surface lies 10 mm below the wire electrode holder, ensur­
ing a 1-mm overlap with the tungsten wire. Because igni­
tions are less likely to occur when using a new disk, a 
2O-min disk break-in period in an unenergized circuit is 
recommended. The STA shafts are connected electrically 
to an external circuit via a slip ring assembly. As the 
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shafts rotate, the tungsten wire drags across the cadmium 
disk. The external circuit is interrupted, creating sparks 
that mayor may not iguite the gas in the surrounding ex­
plosion chamber, depending upon the available circuit en­
ergy at the point of test. 

Determining the test environments was crucial to the 
experiment. The majority of temperatures commonly 
found in a typical mining environment fall within a 10 to 
50 'C range. However, because of time constraints, testing 
was limited to 25 and 50±5.0 ·C. The ambient pressure in 
the Pittsburgh area, typically 13.9 to 14.4 psia was used as 
one test pressure and comprised the majority of tests con­
ducted. Other tests were conducted at 20±0.2 psia 
(roughly 3,200-m depth below sea level). Owing to time 
constraints, a few tests at 10 ± 0.2 psia (2,SOO-m elevation 
above sea level) were conducted. The bottled gas used in 
the experiment was dry on the order of parts per million 
water vapor, thus 0% + 5% served as the low test RH. 
Other test RH's were 40% and 70±5%. Various combi­
nations of these temperatures, pressures, and RH's were 
used to formulate the testing environments. 

Testing was conducted at the most easily iguitible con· 
centration of CH, in air, S.3±0.3% (6, p. 96). For prac­
tical purposes, this value can be considered a constant, 
varying only slightly depending on the nature of the ex­
periment (6, p. 47). Under normal circumstances, such a 

Figure 3 
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mixture would contain 19.2% oxygen (0,). To conduct a 
worst case analysis, the 0, concentration was increased to 
2O.0±0.1%. 

Simple series and parallel circuits as shown in figures 4 
to 6, were tested. The test circuit component character­
istics are shown below in table 2. Nouinductively wound 
resistors were used to limit current in all tests. For re­
sistor circuits, testing below 20 V de would make it neces­
sary to use currents of such magnitude that hot wire igui­
tions could be induced and skew the test results. The 
inductor circuit was powered by a 24-V de source and em­
ployed air core inductors. Aluminum electrolytic capaci­
tors were used in the parallel capacitor circuit. These 
were chosen because they are commonly used for large­
value capacitors in electronic construction. It was essential 
that the capacitor fully charge to maintain the integrity of 
the tests. The charging resistor was chosen to provide a 
charging time constant of 100 ms. Also, only one 
tungsten-wire electrode was used and the STA rotation 
speed was reduced so the capacitor could charge for 
roughly five time constants. The charge-discharge cycle of 
the capacitor was monitored with an oscilloscope to ensure 
full charging of the capacitor. 

Table 2.-Test circuit characteristics 

Resistor Inductor 

Voltage, Current, l,t mH Current, 
Vdo rnA rnA 

20 3,480 1 911 
30 827 10 288 
40 364 100 100 
50 314 600 54 

'Inductance. 
'capacitance. 
3Reslstance. 

Figum4 
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21 
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STA cadmium disk electrode. &sistor test circuit used to obtain spark ignition data. 
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The tungsten-wire electrodes were replaced whenever 
the first of two conditions occurred. They were changed 
every 4,000 to 5,000 sparks when conducting resistor or 
inductor circuit tests and every 1,000 sparks when con­
ducting capacitor circuit tests, or after four or five 
iguitions. This prevented a particular set of electrodes 
from unduly influencing test results. Earlier research in­
dicated that electrode condition alone could influence re­
search results (7, pp. 74-77). 

Many possible test combinations were available. As an 
example, a 10.3-I'F, 40-V de test could be conducted with 
environmental conditions of 25 'C, ambient pressure, and 
0% RH. Then the test could be repeated by raising the 
pressure to 20 psia or by raising the RR to 40%. 

Because the existing STA machine could not hold 
pressure or a partial vacuum, it was necessary to design a 
new device (figure 7). It was imperative to keep the new 
design as similar as possible to the standard device so that 
the testing results would not be adversely affected. The 
explosion chamber, its baseplate, and tbe shafts of the old 
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STA were replaced. The existing drive motor, base plat­
form, electrodes, etc., were still used. 

Determining a method to seal around the rotating 
shafts for both positive and negative pressure was of 
primary importance. A graphite ribbon 6.35 mm wide and 
0.381 mm thick was fmally chosen as the shaft seal me­
dium. This substance is traditionally used as valve pack­
ing, but it served this purpose well. The ribbon is simply 
wrapped around the shaft and then packed. This process 
was repeated several times to fill the stuffmg box and en­
sure a proper seal. Usually, only two packings were 
required. 

Because two separate test setups were used for the 
ambient pressure tests and those conducted at 10 or 20 
psia, each will be discussed separately. 

TESTS-AMBIENT PRESSURE 

The mixed gas was delivered at roughly 1,120 to 1,150 
cm' jmin (figure 8). Of the mixed gas, 400 to 500 cm' jmin 
were delivered to the STA, 200 em' jmin to tbe 0, analy­
zer, and the remainder to the CR, analyzer. Because only 
ambient pressure tests were conducted with this setup, no 
pressure compensation was required. Because the 
temperature in the laboratory was usually 20 to 26 'C, 
temperature adjustment was rarely required for the 25 'C 
tests. For the 50 'C tests, a system of heating tapes 
wrapped around the explosion chamber and gas lines was . 
used to heat the gas. By controlling the voltage to the 
tapes via a variac, the temperature was adjusted. The test 
gas was wetted by diverting a portion of it through a gas­
washing bottle (GWB). A GWB is a glass cylinder in 
which gas enters, travels to the bottom of the bottle 
through glass tubing, and exits the tubing through a fritted 
disk. The fritted disk serves to breakup the gas into small 
bubbles, increasing the surface area to more easily transfer 
the water to the gas. The gas then bubbles up the column 
of water and out of the GWB.The wetted gas was then 
mixed with the remaining dry gas before entering the STA 
explosion chamber. By varying the percentage of gas flow­
ing through the GWB, any value RR could be obtained. 
If RR tests were being conducted at 50 'C, the GWB was 
also wrapped in a heating tape and placed upon a hotplate 
to heat the water within. 

The aforementioned gas concentrations were for con­
ducting dry tests, but there is more to consider when con­
ducting wetted tests. The water vapor in a wetted volume 
would effectively reduce the concentrations of CR, and 0,. 
The instrumentation used to mouitor the gas concentra­
tions was designed for dry samples only. Calculations 
were made to determine what dry concentrations of CH, 
and O2 would meet the above criteria in wetted, mixed 
samples at 40% and 70% RH at the temperatures and 
pressures tested. Results are shown in table 3. 
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Figure 7 

STA design for pTr!Jlsurized and partial vacuwn testing. 

Figure 8 
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Table 3.-Gas concentrations for RH tests at 
ambient pressure, percent 

o 
40 
70 

RH 0, 
19.9-20.1 
20.2-20.4 
20.4-20.6 

TEST5-10 AND 20 PSIA 

CH, 
8.0-8.6 
8.2-8.6 
8.3-8.7 

The 10 and 20 psia tests were conducted statically or 
without constant gas flow. A system of valves was set up 
to mix the gases (figure 9). The explosion chamber waS 
filled using Dalton's Law of Partial Pressures. This law 
states that the pressure exerted by each gas in a mixture 
is its partial pressure, and the total pressure of the mixture 
of gases is the sum of the partial pressures of all gases 
present. Table 4 illustrates the partial pressures attrib­
utable to each gas for 10 and 20 psia tests for the appro­
priate concentrations. The partial pressures listed in table 
4 are good for dry samples only. When conducting wetted 
tests, the partial pressure of the water vapor wonld nor­
mally be taken into consideration. For these tests, it was 
considered to be of the utmost importance that CR, and 
0, concentrations remain consistent from test to test. 
Thus, the same partial pressures of CR, and 0, were 

Figure 9 

7 

added in both dry and wetted tests. Random samples of 
the mixed gas were taken for spectrographic analysis to 
ensure that the gases were mixed in the correct quantities. 

N, 
0, 

Table 4.-Component gas partial pressures for 
10- and 20-psla tests 

Ga. 10 psi. 20 psia 
7.2 14.3 
2.0 4.0 

CH, ..... 0.8 1.7 

Initially, the explosion chamber was purged with nitro­
gen (N'). The chamber was sealed, and the chamber inlet 
lines were purged with CR,. The proper amount of CR, 
was then added and the chamber was again sealed. The 
chamber inlet lines were then purged with 0,. The proper 
amount of 0, was added and the chamber sealed again. 
Finally, any N, necessary to raise the pressure to 20 psi. 
was added. If conducting 10 psia tests, the explosion 
chamber was then partially evacuated using a vacuum 
pump. 

This details the method used to set and maintain the 
pressure. Methods to control the temperature and RR 
were similar to those employed for the ambient pressure 
tests. 

Tubing CH4 exhaust input 

M-I 
M-2 
M-3 
M-4 
M-7 
5-1 
5-2 

5park tesl 
apparatus 
chamber 

To vacuum 
pump 

Chamber input metering valve 
Methane metering valve 
Nitrogen metering valve 
Oxygen metering valve 
Gas washing bottle output valve 
Chamber input shut-off valve 
Methane shut-off valve 

STA 10 and 20 psia test gas delivery system. 
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5-3 
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5-6 
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5-8 
5-9 

input 
M-4 5-4 

Nitrogen shut-off valve 
Oxygen shut- off valve 
Tubing exhaust (purge) shut-off valve 
Chamber exhaust shut-off valve 
Gas washing bottle input valve 
Chamber exhaust valve 
Vacuum pump shut-off valve 
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METHOD OF DATA COLLECTION 

The environment sensor devices employed were as fol­
lows: an absolute pressure transducer with an operating 
range of 0 to 100 psia, a RH-temperature sensor with 
ranges of 0% to 100% RH and -20 to 80 'C (for 10 and 20 
psia tests), and a T-type thermocouple (for ambient pres­
sure tests). Each was connected to a digital panel meter 
to provide a visual readout of the test environment. Each 
panel meter had analog outputs that were proportional to 
real units. These signals were passed to two expansion 
boards. These boards provided signal gain and condition­
ing of the signals before the readings were sampled by an 
analog-to-digital converter (ADC) installed in a personal 
computer (PC). The ADC was controlled by a BASIC 
computer program. Every 2 s, the ADC sampled the test 
environment and temporarily stored the temperature, pres­
sure, and RH as variables. 

Two pressure switches were attached to the STA explo­
sion chamber. At an ignition (increase in pressure), the 
switches opened. The first switch interrupted power to the 
STA motor, halting the shaft rotation. Delay circuitry pro­
vided a variable shutdown period to allow the system to 
purge the burned gas and/or to allow the explosion cham­
ber to be remled. The system could then automatically 

; 

I?': Figure 10 

restart. The second pressure switch triggered the ADC 
with a 0.4-V de signal. The program then stored the date, 
time, the ignition number, and most current environment 
readings in a data me. This information was then dis­
played on the PC screen (figure 10). The test operator 
then entered the day's spark connt for the particular test 
so that, during the analysis stage, a probability of ignition 
(p~ could be associated with each ignition and the data 
file. The Pi was dermed as 

Pi = # of ignitions/# of sparks. (1) 

The spark count was saved and the ignition information 
was tagged so that it could not be accidentally overwritten. 
Each data me consisted of 25 ignitions and was circuit and 
environment specific. As an example, the data me shown 
in figure 10 is a resistor circuit test conducted at 40 V dc, 
364 rnA, and in a test environment of 25 'C, ambieut pres­
sure, and 70% RH. During testing, 89 such mes were 
generated including 34 resistor, 31 capacitor, and 24 in­
ductor tests. An example of a partial data me is shown in 
figure 11. 

10-18-92 

R40AF 

08'09'24 

40 Vdc 364mA 

Temperature - 21.4 ·C Relative humidity - 65.8 pct 

Pressure - 14.0 pSia 

Ignition number - 1 Enter tOday's spark count-

Example computer screen immediately after test gas ignition. 

Figure 11 

DATAFILE R40AF 

Temp, 
Pres-

Pet sure, 
IG No. Date Time ·C psia RH V de mA Sparks 

1 10-18-92 08'09'24 21.4 14.0 65.8 40 364 254 
2 10-18-92 08-17-23 21.4 14.0 71.3 40 364 838 
3 10-18-92 08'24-24 22.3 13.9 68.7 40 364 1 _ 139 
4 10-18-92 08-31 '27 22.2 13.9 66.8 40 364 1,457 
5 10-18-92 08-38' 25 22.3 14.0 68.7 40 364 1,749 

Example of p/lltiaJ test data file. 
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METHOD OF COMPUTER ANALYSIS 

Data were analyzed on a circuit-specific basis. All 
resistor circuit test results were examined as a group, as 
were the results of the inductor and capacitor circuit tests. 
For each particular circuit, a summary table was created 
listing the average temperature, pressure, and RH of the 
data files as well as the Pi. The log of the Pi was used as 
the fourth variable in the fmal analysis. 

One method to determine the effect that one variable 
has on another is to calculate their linear correlation. By 
defIuition, the linear correlation represents the extent of 
the linear association between two variables. These values 
are bounded by ± 1. Positive correlations indicate that an 
increase in one variable results in an increase in the other. 
The reverse would be true for negative correlations. As 
the maguitude of correlation approaches one, the variables 
are more strongly correlated. Correlations near zero, 
then, indicate little relationship between the variables. 
Conventional thinking would suggest that the temperature 
and pressure would be positively correlated with the 
probability of iguition, or log of Pi in this analysis, while 
the reverse would be true for the RH. 

Multiple linear regression analysis was used to generate 
linear coeffIcients relating the environmental variables to 
the log of the Pi. Such analysis summarizes how much 
each variable contributes to a mathematical model of the 
results. A backwards, stepwise multiple regression was 
performed on each circuit's summary table. In such 
analysis, alI the variables are included in the model and 
then the variable that contributes the least to the model 
may be eliminated individually. Each cycle through the 
analysis generates a coeffIcient of determination (R '). 

This represents the percentage of the variation in the 
response explained by the regression model and can be 
used to measure the goodness of fIt. Its value is bounded 
by zero and one. As variables are eliminated, the R2 value 
decreases by varying degrees, depending upon the data. 
For this analysis, variables were eliminated until the 
change in the R' value was greater than 0.05, or stated 
another way, a variable was eliminated when its effect 
accounted for less than 5% of the variability of the 
dependent variable (log p.). Decreases larger than 5% 
indicated that the variable contributed enough to the 
model to be included. The regression analysis yielded an 
equation for the model: 

or, equivalently, 

Pi = 10(Xl(T) + X2(P) + X3(RH) + (X4», (3) 

where Pi = probability of iguition, 

T temperature, 'C, 

P pressure, psia, 

RH relative humidity expressed as a per-
centage, 

and Xl through X, are coeffIcients generated during the 
analysis. 

TEST RESULTS AND ANALYSIS 

As mentioned earlier, conventional thinking would sug­
gest that the temperature and pressure would be positively 
correlated with the log of Pi while the reverse would be 
true for the RH. The test envirorunent observed correia· 
tions are listed in table 5. In most of the cases, the ob­
served correlations were signifIcant only in that they are of 
the opposite sign than expected or their maguitude is low. 
Two of the three temperature correlations are negative, 
contrary to the iuitial hypothesis. The pressure and RH 
correlations were, as expected, positive and negative, 
respectively. 

A maguitude for the true correlation can be estimated 
for a given confIdence level. This true correlation is the 
minimum value of the magnitude of an observed correla­
tion, given sample size and number of independent vari­
ables. This, in turn, provides a measure of reliability of 
the observed correlations (8). Here, the sample size is the 

number of data files generated for a particular type of cir· 
cuit. As mentioned previously, there were 34 fLies of data 
generated for resistor circuits, 31 for capacitor circuits, and 
24 for inductor circuits. The number of independent vari­
ables for each data file was three-average temperature, 
pressure, and relative humidity. 

Table 5.-Test circuit observed correlations 

Circuit Observed correlation with log of Pi 
Temperature Pressure RH 

Capacitor . ...... . .Q.02 0.62 .Q.55 
Inductor . ....... . 0.06 0.61 .Q.14 
Resistor . ....... . .Q.34 0.04 .Q.52 

PI Probability of ignition. 
RH Relative humidity. 
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The magnitudes of the observed correlations for true 
correlations of 0.30 and 0.50 are listed for the respective 
test circuits in table 6. These values are given for a con­
fidence level of 95% (i.e., in 19 of 20 instances they will be 
true). As an example, if the observed correlation for a re­
sistor circuit variable is given as 0.12, then with 95% confi­
dence, its true correlation will be at least 0.50. Using this 
as a method to test for the siguificance of the observed 
correlations, none of those listed in table 5 are siguificant 
for a true correlation of 0.50. If the true correlation is 
reduced to 0.30, only the capacitor circuit pressure ob­
served correlation meets the above criteria. Further, no 
particular environmental variable's observed correlation 
was consistent for the three types of circuits tested. All of 
this indicates that none of the environmental variables cor­
related siguificantly with the log of the P" 

Table 6.-observed correlations for true 
correlations of 0.30 and 0.50 

Cirouit 

Capacitor . .. 
Inductor •.•• 
Resistor . ... 

True correlations 

0.30 

0.60 
0.65 
0.58 

0.50 

0.73 
0.77 
0.72 

Correlation values alone cannot determine the relation­
ships sought. For each ignition in a data fIle, a probability 
was calculated by using equation 1 for the number of 
sparks required to produce that particular ignition. Scat­
terplots generated from the data showing this Pi versus its 
corresponding ignition number were generated. Figure 12 
shows two inductor circuit test results. Both were con­
ducted at 10 mH, 288 mA, 25 ·C, and 40% RH. Only the 
test pressures are different; one test was conducted at 
ambient pressure, the other at 20 psia. It was expected 
that the 2O-psia test would require less energy to ignite the 
volume of gas and thus should illustrate a trend of in­
creased probabilities relative to the ambient pressure test. 
Figure 12 is a clear example of this expected result. As 
shown, the probabilities of the 20 psia tests all lie above 
the 0.01 probability level (one ignition per 100 sparks). 
Only two of the 25 ignitions of the ambient pressure test 
lie above this level, i.e., fewer than 100 sparks were re­
quired to produce the next ignition in the test. For ref­
erence purposes, the cumulative P, for the ambient pres­
sure data fIle (Pi = 0.000903), and the 20 psia data fIle (PI 
= 0.0661), are also shown. 

Figure 13 illustrates results for two resistor circuit data 
fIles. Both tests were conducted at 30 V de, 821 rnA, am­
bient pressure, and 70% RH. The ouly difference was that 

Figure 12 

100~~-'-r~.-~r-,,-'-r~.-~r-,,-,-,~-.'-r-ro 
KEY 

Pressure, psia • 
o 14 
• 20 • 

0 • • • • 
Z 10-1 • • • • • • 
0 

_~2 _____ ~ ______________ 

j:: • z • • • (!) • • • 
ll.. 
0 

162 0 

>- 0 

I- 0 0 

:J 0 

iIi 0 0 0 
« 0 

III 0 

0 0 0 0 
0:: 10-3 0 
II.. 0 9 
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0 0 

10-4 
0 2 4 6 8 10 12 14. 16 18 20 22 24 26 

IGNITION NUMBER 

Scatterplot of expected results of Pi versus ignition number for two tests. 
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Figure 13 
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Scatterplot of unexpected TeSUIts of Pi versus ignition number for two tests. 

one test was conducted at 25 'C, the other at 50 'C. A 
general trend showing the probabilities for the 50 'C test 
falling above the 25 'C test was expected. Clearly, the op­
posite is shown in figure 13. The bulk of the 50 'C igni­
tions fell below a probability of 0.001, but all of the 25 'C 
ignitions fell above this Pi level on the plot. Here, the 
cumulative Pi for the 25 'C test was 0.00719; for the 50 'C 
test, 0.000313. Because the Pi is expected to be greater for 
a test conducted at an increased temperature, the trend of 
tbe data were expected to be the reverse of that shown. 

Contradictory results like this can be explained by ex­
amining the data mes themselves. When comparing a 25 
'C test to a similar test at 50 'C, as in the earlier scat· 
terplot, the Pi was expected to increase. When comparing 
such examples by examining the data mes, Pi increased in 
only 34% of the cases (figure 14). A similar look was 
taken comparing the 10 psia results to ambient pressure 
tests and then comparing tbe ambient pressure tests to 20 
psia data. A similar procedure was repeated for the RH 
tests as well. As shown in figure 14, these results were 
more predictable than the temperature data. Overall, 
when changing test environments, tbe Pi was driven in the 
expected direction only 59% of the time when temperature 

Figure 14 

Temperature 

;: 34%"' 

Pressure Relative 
humidity 
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.. '"-

.
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38% 

KEY 
k'f;';] Expected result 

[]]]) Unexpected result 

Effect 011 Pi by shifting test enviroll11le1lls. 

Overall 

data were included, but shifted in the expected direction 
72% of the time when excluded. 

Linear regression analysis waS conducted on each test 
circuit's summary table to create a mathematical model of 
the data. To simplify the model, temperature, pressure, 
and RH variables were eliminated wbere applicable. Tbc 
values for X" x" X" and X. for equations 2 and 3 are 
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listed in table 7. From this, the PI could be estimated 
using equation 3. 

Table 7.-Unear regression model results 

Circuit X, x., X, x.. R' 
Capacitor .. NA 0.1193 .(l.OOS7 4.234 0.4S0 
Inductor ... NA 0.1584 NA -4.831 0.377 
Resistor ... .(l.022B '()'0823 .(l.0145 .(l.3226 0.500 

NA Not applicable. 

As shown in table 7, the resistor circuit model includes 
all three environmental factors. Because temperature 

contributed less than 5% of the variance of the dependent 
variable (log PU, it was eliminated from the capacitor cir­
cuit model. Therefore, the PI is a function only of pressure 
and RH. The inductor circuit model goes a step further 
and eliruinates RH as well, indicating the PI was a fuuction 
only of pressure. 

The R' values for each circuit model are also listed 
in table 7. For the resistor circuit results, 50% of the 
variance in the log of the Pi is attributable to the test 
environment. Obviously, an equation that can explain only 
50% of the variance of the dependent variable cannot be 
used in a predictive manner. The results for the inductor 
and capacitor circuit models were similar. 

CONCLUSIONS 

The analysis did not consistently confrrm the initial hy­
pothesis regarding the effect of the environment on the Pi 
or produce any consistent trends strong enough to indicate 
definitive patterns. 

Much of the previous research investigating the effects 
of temperature on ignition energy (6) was conducted over 
significantly wider temperature ranges than studied here, 
contributing to the initial hypothesis regarding the effect of 
temperature on the Pi- The testing detailed here was in­
tentionally limited to temperature ranges found in mining 
environments. It is agreed that an increase in temperature 
should decrease the required ignition energy and thus af­
fect the Pi at a given energy level. Intuitively, the effect of 
the temperature may not be as readily apparent as in earli­
er experiments, either on the ignition energy or the prob­
ability of igniting a CH.-air mixture. For the limited range 
of temperatures tested, this effect was not significant. 

A similar argument may be made for pressure. Earlier 
tests examined pressures of several atmospheres and their 
effects on the ignition energy. Such pressures fall well 
outside the scope of this work. It is suggested that the 
influence of pressure on the probability would not be as 
readily apparent when testing over significantly narrower 
pressure ranges. 

As with the temperature and pressure, the relative hu­
midity research also covered a practical range of values, 
0% to 70%. In this case, the RH is limited to 100% and 
thus it is impossible to test at several multiples of the 70% 
high point investigated here. Because of this, it is believed 
that the RH results are more likely to agree with other 
work conducted in this area. The Pi was driven in the ex­
pected direction 81% of the time when comparing similar 
tests conducted at different relative humidities. This is a 
significant improvement over 62% for pressure tests and 
34% for temperature. 

It is acknowledged that conducting tests without con­
stant gas flow, as with the 10 and 20 psia tests, may in­
troduce unknown effects on the probability of igniting the 
CH.-air mixture. This then would skew the statistieal anal­
ysis of any test results that also incloded data generated 
using the constant flow STA. This would influence only 
the portion of the analysis devoted to pressure and should 
not affect the temperature or RH data. Further, it does 
not explain why the pressure correlation for the resistor 
circuit research varies so dramatically from the inductor 
and capacitor results. The author knows of no research 
that investigated this particular phenomenon; additional 
research may be warranted in this area. 
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